Abstract-A robust automated system to collect protein crystals for X-ray crystallography is presented. This system uses an ultraviolet imaging system based on commercial off-the-shelf components, a magnetically manipulated tool, and a resilient behaviorbased controller. The system is validated by collecting over 350 polystyrene beads, used as crystal emulators, and transporting them 2 mm to a predefined goal in a 14-h period without human intervention. The average time to identify, collect, transport, and deliver a crystal emulator is 2.4 min, similar to an expert operator. This is the first demonstration of a completely automated robust system for protein crystal harvesting.
I. INTRODUCTION

M
ODERN pharmaceutical engineering often uses the physical protein structure to understand the interaction between a potential drug and its intended target. This structure can be obtained using X-ray crystallography. The basic process is described in [1] as follows. First, well-ordered crystals are nucleated and grown in individual containers under highly controlled conditions. Once mature, the crystals are removed from the growth medium (harvested), cryoprotected, and flashcooled. Finally, the crystals are placed into an X-ray beam and their diffraction pattern is recorded and numerically analyzed to reconstruct the underlying physical structure. Due to the high demand of this technique, most of these steps have been both highly parallelized and automated. However, one of the most laborious processes, the actual harvesting of the crystals, is still performed manually.
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Digital Object Identifier 10.1109/LRA.2017.2669364 process can take an expert operator on average 2.4 minutes per crystal [2] . Further compounding this task, the size range of the crystals is on the order of hand tremor (50 µm [3] ). This tremor can cause the operator to inadvertently damage a crystal while harvesting and render it unusable. Together, the slow harvesting rate and the high loss rate make crystal harvesting the major bottleneck of high-throughput crystallography [2] . Many attempts to automate or semi-automate this procedure have been pursued (see [2] for a comprehensive review). Although many advancements have been made, the two main technical challenges to harvesting, namely real-time crystal identification and segmentation, and robust and precise crystal manipulation, have yet to be effectively combined in one system. Systems making use of microcapillaries [4] , [5] , microgrippers [6] , [7] , acoustic tweezers [8] , optical tweezers [9] , and microrobots [10] , [11] are attempts at semi-automating the process, delegating the challenging tracking and manipulation planning to operators. Automated crystal segmentation is challenging because crystals do not share shape or edge related features [2] . Not only is this true from one crystal to another, but also for an individual crystal when viewed during manipulation from changing perspectives [2] . Early efforts to detect and segment crystals used the visible light spectrum [12] - [14] , but were not robust. Imaging techniques that do not rely on the human-observable spectrum [15] - [17] have proven to be more reliable for crystal detection. Unfortunately, the cost and lack of external control limits their applicability to automated harvesting systems.
Robust and delicate micromanipulation has been the subject of numerous investigations, see for example [18] At any moment, one of the push, align, and backup control maneuvers is executed according to a threshold based feedback policy algorithm where the thresholds are determined through a genetics algorithm in a reliable simulation environment [19] . Although this represents a significant step, there is no work that has achieved the sort of automatic planning that has been mentioned by Firby [20] at the micro-scale.
Here we propose a system to automate the harvesting step of X-ray crystallography. Robust segmentation is achieved through an ultraviolet (UV) imaging system comprising readily available and affordable off-the-shelf components. It is described in more detail in Section II-B. Robust planning and control is achieved by a reactive behavior-based planner, an approach similar to [19] , and is discussed in Section II-C. To execute these behaviors, low level control will be completed with the methods described in [21] . The capabilities of the resulting system is demonstrated in Section III. Finally, Section IV discusses the results and conclusion.
II. MATERIALS AND METHODS
A. Manipulation Hardware
Crystals are manipulated with a microrobotic device called the RodBot, which is a magnetically manipulated mobile device with a typical cross section of 50 × 60 µm and a length of 300 to 600 µm. It is designed as a rectangular polymer (SU-8) rod with internal, transverse soft-magnetic posts consisting of a cobaltnickel (CoNi) alloy. These posts align with an external magnetic field enabling rolling propulsion. For more information on the design, modeling, and control of a RodBot see [10] , [11] , [21] .
The magnetic field used to manipulate the RodBot is generated by an eight-coil Magnetic Field Generator (MFG 1 ) (see in Fig. 2 ) [22] . The system is capable of generating magnetic fields and field gradients up to 20 mT and 2 T/m at control frequencies up to 2 kHz [23] . This system is capable of 5 degree of freedom (DOF) wireless control of magnetic micro-and nanostructures [24] . We used this device to generate 3D magnetic fields to induce 2D motion on the agent as described in [11] .
The MFG and RodBot provide precise control of the crystals, which can be observed with moderate magnification. To extend the manipulation area beyond the magnetic workspace of the MFG and observable workspace of the objective lens, a coarse XY stage (ASR100B120B-E03T3, Zaber) is used (see in Fig. 2 ). This stage moves the well-plate that contains the crystals in solution and the RodBot and keeps the manipulation region of interest centered in the manipulation system. Since the forces at the length scale of the RodBot are dominated by Stokes drag and van der Waals interactions, the slight inertial forces generated by the stages motion do not appreciably affect the position of the RodBot or crystals relative to their fluidic environment. The XY stage increases the achievable workspace to 100 × 120 mm. The system is shown in Fig. 2 .
B. UV Imaging and Crystal Detection
Segmentation of the protein crystals exploits the autofluorescence of Tryptophan, a common amino acid in the crystals. Tryptophan has an absorption peak at 280 ± 20 nm [25] and emits fluorescence light at 350 ± 50 nm [26] . This unique signature allows the crystals to be easily distinguished from their background as shown in [27] . The auto-fluorescence properties of SU-8, especially in the near-UV range, also enables the detection of the RodBot with the same optical system, see Fig. 3 . Fluorescence imaging equipment for crystal segmentation are commercially available, however they come with significant cost and are not designed to be integrated into a control system. Fortunately, it is possible to assemble a custom system with commercial off-the-shelf (COTS) components that is both cost effective and easily integrated into the control architecture.
The optical system depicted in Fig. 3 consists of a UV LED source (M280L3, Thorlabs), collimating objective (87-979, Edmund Optics), diffuser (DGUV10-600, Thorlabs), beamsplitter (SEM-FF310-Di01-25x36, Semrock), magnification objective (LMU-10X-UVB, Thorlabs), UV filter (BP324, Midwest Optical Systems), and camera (scA640-120gm, Basler). The camera selected is unique as its imaging sensor (Sony ICX618) is compatible with imaging near-UV light. The total cost of the system is 5100 USD, which includes the camera (621 USD), the objective (1712 USD), the beam-splitter (605 USD), the LED light source (1498 USD), and various lenses, tubes, and filters required for assembly (671 USD). Compared to the cost of a specialized UV camera of 10000-20000 USD, our system is significantly less expensive. The system functions as follows. The LED emits light at ∼280 nm, this light is collimated by a lens, diffused, and directed towards the beam splitter which transmits light at wavelengths greater than 315 nm and reflects light at wavelengths of 275 ± 20 nm to illuminate protein crystals. Once exposed, the crystals fluoresce 350 nm, which is transmitted by the beam splitter towards the camera, filtered with a bandpass filter allowing only 350 ± 30 nm to prevent extraneous light in the visible spectrum from exciting the camera sensor, and focused onto the camera's sensor by a tube lens (65-976, Edmund Optics) to form an image. The objective used has a magnification of 10X offering a 1.52 mm × 1.14 mm field-of-view which is recorded by the digital camera at a resolution of 659 × 494 px (corresponding to a pixel size of 5.6 µm × 5.6 µm). Finally, an Arduino module is used to control the triggering of the LED. Since both the SU-8 and the crystals bleach when exposed to too much light, it is critical to control the total exposure time used throughout the procedure. Fig. 3(b) shows the optical results from our imaging system. Comparing Fig. 3(b) with Fig. 1 , it is clear that the contrast is much higher than what is recorded with traditional imaging techniques.
Once these high contrast images are recorded, the computer then identifies and segments the crystals and the RodBot. This is performed as follows. First, a Canny edge detector is used to extract the outlines of potential crystals based on the intensity gradient. The image is then dilated to form closed curves, and a filling operation transforms the curves into blobs. Finally, blob detection [28] returns the center, size and circularity of the extracted crystals. These measures are subsequently used to assess the image and the individual blobs for classification.
C. Planning Architecture
In a complex and highly variable Environment, robustness can be achieved with an equally complex controller based on a high fidelity model, or by a controller that is designed to recover gracefully when its underlying model fails to predict the system well.
Here we choose the latter. To achieve this corrective behavioral capability, a behavior-based planner inspired by Firby's [20] and Brooks' subsumption architecture [29] is developed. Behavior-based planners decompose the control task into a set of activities [30] . Each of these activities is associated with its own control strategy. Planners of this kind are being used in a wide range of applications including music improvisation [31] , flight control [32] , [33] , emergency obstacle avoidance [34] , and intelligent transportation systems [35] . For crystal harvesting with a RodBot, these activities can be enumerated as
Protect System: Monitor all devices and stop operation if performance measures (e.g., temperature) leave acceptable operational ranges.
Map Workspace: Initial scan of the workspace with XY stage to identify the RodBot, crystals, and drop-off locations.
Center Image: Modify the position of the XY stage to keep the RodBot approximately centered in the optical field-of-view.
Avoid Obstacle: Actively steer the RodBot magnetically around an obstacle using a potential-field approach [36] (e.g., a crystal not targeted for harvesting) [21] .
Select Crystal: Automatic selection of the target crystal based on quality metrics such as size.
Approach Crystal: Magnetically maneuver the RodBot to the target crystal location [21] .
Pickup Crystal: Control the RodBot's motion to lift the target crystal into the RodBot's fluidic vortex trap [21] .
Carry Crystal: Maneuver the RodBot and carry crystal towards the drop off location [10] .
Drop Crystal: Control the RodBot's motion to release the crystal from the fluidic vortex trap [21] .
Resembling the implementation in [37] , our implementation consists of four main entities: 1) a set of n behaviors
containing all the sensors and actuators in the system, 3) a state s that contains the sensor data from the previous measurements, and 4) a list of n r rules R q = {r i | i ∈ [1, n r ]} bringing together all the decision thresholds and execution parameters for all the behaviors. Each behavior implements the following set of functions: Here the behaviors are ordered according to their priorities in B q . If a high priority behavior should become active, then it takes over the control, or subsumes, the currently active behavior. Crystals are sensitive to UV exposure and can easily become damaged. In order to alleviate the risk, our behaviors take images infrequently at an average rate of 0.5 frames-per-seconds, and the most up-to-date information is summarized in the state s. 
D. Computational Hardware
The system is controlled by a desktop computer (Intel Core i5 quad core 3.20 GHz CPU, 8 GB RAM), running 64-bit Ubuntu 12.04. The programming is done in MATLAB. The low level functionalities including image processing and sending commands to the MFG are implemented in C/C++ and compiled as functions to be called from MATLAB. The presented behavior based planning algorithm is implemented fully in MATLAB.
III. EXPERIMENTAL VALIDATION
A. Crystal Damage Due to UV Exposure
The effect of UV on the crystals is investigated by continuously exposing a lysozyme crystal c 1 with UV over a period of 10 minutes, taking an image every minute. Manually selecting an image patch C with n im pixels on the crystal and a background patch B with n bg pixels, a signal-to-noise-ratio SN R metric is calculated for each image according to
As a control, the image of another lysozyme crystal c 2 is acquired by exposing it to UV only during the image acquisition.
Results are presented in Fig. 4 . As can be seen, while the SNR for c 2 decreased by only 4%, it decreased by 58% for c 1 .
In [38] this considerable decay in SNR is associated with 1) structural damage at a molecular level due to photo-ionization in the form of breaking covalent bonds; or to 2) protein degeneration due to local heating of samples. As analyzed in [39] , in order to avoid radiation damage, UV exposure should be limited to The estimated effective power output P ef f of our system is 5 mW. Considering the measured LED spot size on the sample A ss of 100 mm 2 , the power density
is calculated to be 0.05 mW mm 2 . So, with our 280 nm LED source, the total UV exposure of the crystals should be limited to 100 s to avoid significant damage, which is consistent with our test.
B. Crystal Detection and Tracking
The performance of crystal detection is evaluated on 120 different samples containing a total of 215 lysozyme crystals with sizes raging between 30 µm and 300 µm. There were a maximum of 12 crystals per sample. The accuracy is defined by the ratio of correctly detected wells to the total number of wells. For a well to be classified as correctly detected, the crystals identified must match the human evaluation. Detection performance is evaluated for several camera parameter sets, and an accuracy of 98.3% is achieved for a camera gain of 500 and an exposure time of 3 ms. Overall the detection failed in only two cases: 1) when two crystals were too close so that the boundary between them was barely visible, and 2) in the presence of an artifact in the well.
C. Harvesting Task
Protein crystals are very sensitive to changes in medium conditions; therefore, to perform long duration continuous experiments 105-125 µm polystyrene beads are used to mimic the crystals, as was done in [4] , [6] . As the interaction between the RodBot and crystals with various types, shapes, and sizes has been thoroughly investigated and it has been shown that a tele-operated RodBot can successfully perform the harvesting task [11] , the substitution of the beads for crystals will not affect the applicability of the experiment's results. Fortunately, the polystyrene beads autofluoresce at our operational range and their sizes are comparable to average crystal sizes. Several Fig. 5 . A series of bead carry attempts are presented. The robot and crystal positions are superposed in one image, and to be able to track which behavior the robot is executing at any point color coded arrows are provided. First a crystal is selected and the extraction is attempted switching between various behaviors; however, the crystal is dropped prematurely (a). As the behavioral planner suggests, the system returns to earlier behaviors, picks up the bead, drops it at the target, and starts selecting another bead (b). For this trial the other bead is selected, and is carried to the target in four attempts (c)-(f).
beads and a RodBot are randomly placed in a circle of approximate diameter 5 mm around the center of a round glass dish of 30 mm diameter. The reactive behavioral planner, explained in Section II-C, is modified to randomly select a drop area after each successful carry, and executed repeatedly. By randomly changing the drop zone the human factor is eliminated from the test setup, and the experiments continued until a hardware or a software failure occurs. Hundreds of successful extractions are performed, giving us the opportunity to conduct a robust statistical analysis of the system as a whole. In addition, throughout a trial, solution density and viscosity changes as it evaporates over the time. With this procedure, the system is implicitly evaluated under various medium conditions. Example executions of the test procedure are given in Fig. 5 .
During the repeated trial, the following are recorded: the total number of beads carried to the target N tg ; the total number of beads detected in all the taken images N im ; the distance d i for each extraction task i defined as the distance between the initial bead position and the drop-zone; the time t i for each extraction task i defined as the time elapsed from the successful completion of the carry i − 1 until the successful completion of the carry i for i > 1; and the total time T for extracting N tg beads. An average bead exposure time t exp per extraction is calculated using
, where e is the average UV exposure time per image. The average extraction time for a single extraction t e is calculated using Table I .
Overall, the system ran for a total of 14 hours (T ) to collect a total of 351 beads (2.38 -per collection). Comparing this to [2] the system operates on par with an experienced human. The mapping and the device protection behaviors are potentially time consuming ones and can each take up to 7-8 minutes. During the course of our 14-hour experiment, the mapping behavior took over the control 23 times, and the device protection behavior did so 5 times. Since the t e is computed using the cumulative data, the time consumed for these two behaviors is shared by all 351 task executions. However, t c is computed using the timing for each carry and only a minority of the executions include the time for the two behaviors. When we recalculate t c eliminating the 23 longest timings we get 2.0636 ± 1.0112 mins which represents a 15% improvement over experienced human performance. This confirms our conclusion. Another important detail is that the average distance per extraction with 2.0645 mm is considerably larger than the distances encountered during the normal crystal harvesting processes. Crystallization typically happens in droplets with diameters less than 2 mm. Moreover, the average crystal exposure time C exp is checked to ensure that the UV exposure per crystal per extraction does not exceed the limit of 100 seconds introduced in Section III-A to prevent structural crystal damage. Our value of approximately 11 seconds is well within the limit.
IV. DISCUSSION AND CONCLUSION
Since accomplishment of our task requires meeting multiple objectives in a robust way, we propose a behavior-based reactive planner as a compromise between planning and control. This can be viewed as a planner that divides the task at hand into several easy-to-program controllers called behaviors: approach, pickup, carry, and drop, and alternates between these as needed. This way, instead of planning for the entire harvesting process at once, the execution plan is spontaneously generated on the run, and the appropriate controller is executed as required. The primary advantage of this is that it gives the system the flexibility to fail and the means to recover from failure. Moreover, the decisions as to which behavior should take over the control are based on comparative thresholds. This relieves the need for precise measurements making the system more resilient to errors. Taking advantage of this, we manage to perform a delicate manipulation task while taking an image every 2 seconds. This is the first automated crystal harvesting platform reported in the literature, and it has demonstrated its capability by harvesting over 350 crystal emulators at the same rate as an experienced human operator performing the process manually. Moreover, the test workspace covered, distances traveled, and number of collections per execution all exceed human benchmarks, making our time comparison metric unrealistically stringent. Further improvements to the system behaviors and hardware setup will continue to improve performance. For example, slight mechanical misalignment between the imaging system and the XY stage caused the workspace to leave focus, which can be improved by incorporating autofocusing. Future work will focus on integrating this platform into a complete crystallography workflow.
